The present study aims at the investigation of the changes in water distribution among the organic components of selected honey samples following honey storage at different temperatures. Results, achieved by application of fast field cycling NMR relaxometry, revealed that the organic constituents were homogeneously distributed within the whole samples stored at room temperature. Conversely, after four months of refrigeration at 4 ∘ C, the organic systems were included in persistent clusters, as a consequence of the water release due to the larger stability of the intramolecular interactions over the intermolecular ones. The new conformational arrangements of the honey constituents entailed enhancement of honey moisture content. For this reason, it can be suggested that honey refrigeration prior to storage at room temperature may be detrimental for its long-term storage. In fact, higher risk of fermentation may occur once the sample is warmed after the first refrigeration step.
Introduction
Honey is a natural sweet and flavourful substance, produced by Apis mellifera bees [1] . It has been used since ancient times and, even nowadays, it is the only concentrated form of sugar available to mankind in most parts of the world [1] .
Honey is an important product in food nutrition and mainly consists of carbohydrates (95-99%), water, and other minor constituents (e.g., organic acids and minerals) [2] . Due to its unique composition and chemical properties, it is suitable for long-term storage, and it is easily assimilated even after long preservation.
Besides its nutritional benefits, honey appears to have also therapeutic properties [3] . In fact, it is used in dermatology for the treatment of wounds, sores, burns, ulcers, infections, and the promotion of tissue regeneration. Recently, honey has proved its powerfulness in prevention of many pathologies such as gastrointestinal disorders [4] , diabetes [5] , cardiovascular disease [5] , and cancer [6] .
Honey therapeutic properties arise from its antibacterial activity which is related to its high sugar content [7, 8] . Most of the water molecules in honey are associated with sugars. Therefore, only few water molecules are available for microorganism activity. The latter condition generates a limiting environment for microbial growth and allows the removal of water from bacteria by osmosis, thereby further hindering bacterial life processes [9] .
Bacterial activity depending on the nature and amount of water present in honey is also related to honey conservation and stability [10] . During storage, a high water content can lead to undesirable honey fermentation induced, as an example, by osmotolerant yeasts [11] . As a result, formation of ethanol and carbon dioxide occurs [12] . Ethanol can be further oxidized to acetic acid and water, thereby producing a sour taste [9] .
Fermentation is the only microbiological alteration to which honey is susceptible [1] and it can result in major economic losses [13] .
The key to honey long preservation is the limitation of humidity. In order to avoid fermentation risk, water content should not be above 20% of the total honey mass [14, 15] . A proper storage temperature is also essential to reduce the risk of honey spoilage. At room storage temperatures, most types of honey take a semisolid state referred to as crystallized or granulated [1] . Crystallization results from the spontaneous precipitation of sugars to form monohydrate crystals [16] , 2 International Journal of Spectroscopy which may vary in number, shape, dimensions, and quality due to honey composition and storage conditions [1, 17] . During crystallization water frees, thus increasing moisture content of the liquid phase. This condition leads to an enhancement of the fermentation risk [18] .
Many authors evaluated the effect of storage conditions on honey characteristics. However, only moderate to high temperatures (above 10 ∘ C) have been accounted for [19, 20] . In general, moderate temperatures (e.g., from 10 to 21 ∘ C) favour crystallization. Warm temperatures (e.g., from 21 to 27 ∘ C) prevent crystallization but may cause decrease in honey quality with time, due to progressive chemical and enzymatic changes [1] . These changes negatively affect honey organoleptic characteristics (such as colour, taste, and aroma) and include alterations of sugar composition (i.e., increase of disaccharides while simple sugars lower), loss of biologically active substances (e.g., inactivation of enzymatic and antimicrobial activity), and acidity increase [1] . Very warm temperatures (i.e., above 27 ∘ C) prevent crystallization but favour spoilage through fermentation [19] . Only cold temperatures (around 4-5 ∘ C) are considered suitable to simultaneously prevent crystallization, melting of crystallized honey, and fermentation [1] .
In the present study, we aim at the investigation of physicochemical alterations occurring in honey as a consequence of two different storage conditions. Namely, honey samples were stored at room temperature and refrigerated at 4 ∘ C for a period of four months. After the aforementioned refrigeration interval, the samples were placed at room temperature and investigated by fast field cycling (FFC) NMR relaxometry in order to achieve information on the molecular dynamics of the complex honey mixtures.
Materials and Methods

Honey Samples.
The two honey samples used in this study have been selected by beekeepers as representative of the Sicilian production from the same bee specie (i.e., Apis mellifera sicula, Dalla Torre, 1896). Their origin was assessed by palynological investigations performed by the producers. One of the honey samples was multifloral (or wildflower honey), derived from the nectar of many types of flowers. This variety was chosen as it is the most common and easy to obtain. Conversely, the second sample was a monofloral honey produced from loquat (Eriobotrya japonica (Thunb.) Lindl., 1821). The latter variety is quite rare since it is produced exclusively in a small area of Palermo (Sicily, Italy) province.
The samples were subjected to two different storage conditions: (a) storage at room temperature (RT) and (b) refrigeration (RE) at 4 ∘ C for a period of 4 months and then placement at room temperature till FFC NMR analyses (see below). The honey samples were stored in dark screw-cap jars. These temperatures were chosen as the most used by consumers who prefer to preserve honey either in refrigerator (4 ∘ C) or at room temperature. 1 H Nuclear Magnetic Resonance (NMR) Relaxometry. The theory of fast field cycling (FFC) NMR relaxometry has been reported in other papers, such as Conte and Alonzo [21] . For this reason, only the experimental setup used to analyse honey is reported in the present study.
Fast Field Cycling (FFC)
1 H NMR dispersion (NMRD) profiles (i.e., relaxation rates 1 or 1 −1 versus proton Larmor frequencies, ) were acquired on a Stelar Smartracer Fast-Field-Cycling Relaxometer (Stelar s.r.l., Mede, PV, Italy) at a constant temperature (25 ∘ C). The proton spins were polarized at a polarization field ( POL ) corresponding to a proton Larmor frequency ( ) of 8 MHz for a period of polarization ( POL ) corresponding to about five times the 1 estimated at this frequency. After each POL application, the magnetic field intensity (indicated as RLX ) was systematically changed in the proton Larmor frequency comprised in the range 0.01-10.0 MHz. The period , during which RLX was applied, has been varied on 32 logarithmic spaced time sets. 32 scans were set, and the 1max , POL and Recycle Delay (RD) were adjusted at every relaxation field in order to optimize the sampling of the decay/recovery curves.
Free induction decays (FIDs) were recorded following a single 1 H 90 ∘ pulse applied at an acquisition field ( ACQ ) corresponding to the proton Larmor frequency of 7.20 MHz. A time domain of 100 s sampled with 512 points was applied. Field-switching time was 3 ms, while spectrometer dead time was 15 s. A nonpolarized FFC sequence was applied when the relaxation magnetic fields were in the range of the proton Larmor frequencies comprised between 10.0 and 3.6 MHz whereas a polarized FFC sequence was applied in the proton Larmor frequencies RLX range of 3.0-0.01 MHz [22] .
FFC
1 H-NMR Data Processing. 1 values were achieved by interpolating the 1 H magnetization decay/recovery curves at each RLX value (i.e., 1 H signal intensity versus ) with the stretched exponential function (also known as KohlrauschWilliams-Watts function) reported in (1) after exportation of the experimental data to OriginPro 7.5 SR6 (Version 7.5885, OriginLab Corporation, Northampton, MA, USA). This equation provided the best fitting with the largest coefficients of determination ( 2 > 0.998). The choice of this function was due to the large sample heterogeneity resulting in a multiexponential behavior of the decay/recovery curves [23] . This approach has the advantage that it is able to handle a wide range of behaviors within a single model. For this reason, assumptions about the number of exponentials to be used in modeling NMRD data are not necessary:
(
In (1), ( ) is the 1 H signal intensity at each fixed RLX , 0 is the 1 H signal intensity at the thermal equilibrium, 1 is the average proton spin lattice relaxation time, and is a heterogeneity parameter related to the stretching of the decay process. This function can be considered a superposition of exponential contributions and thus describes the likely physical picture of some distribution in 1 . The nuclear magnetic resonance dispersion (NMRD) profiles reporting the International Journal of Spectroscopy 
In (2), 1 is the longitudinal relaxation rate and is the correlation time, a parameter which describes random molecular motions [22, 25] . The number of Lorentzians that can be included in (2) without unreasonably increasing the number of parameters was determined by means of the Merit function analysis [24] . For the present study, = 4 was used for the mathematical fit of the NMRD profiles. The obtained eight fitting parameters
were used to retrieve an average correlation time according to the following equation [24] :
Correlation time is a measure of the time needed for molecular reorientation and is a typical parameter for spectral density which, in turn, describes random molecular motions [22] . It represents the time necessary for a molecule to be reoriented [26] . The longer the value, the slower the molecular motions, thereby revealing restrictions in the motional freedom degrees of spatially restrained molecular systems. Conversely, as a molecule encompasses faster motions due to higher degrees of freedom, shorter correlation time values are expected. Results are reported in Figure 3(a) .
Besides correlation times, molecular motions are characterized by activation energies Δ . Indeed, any molecular reorientation should overcome an energy barrier [26] . According to Arrhenius equation,
where is the activation energy of molecular motions and 0 is the correlation time constant. Activation energies for the honey samples examined are presented in Figure 3 (b). Relaxation data at the proton Larmor frequency of 0.1 MHz were also evaluated by UPEN algorithm (Alma Mater Studiorum, Università di Bologna, Italy) [27] to obtain the 1 distributions at this magnetic field (Figure 1 ) and, therefore, information of the interactions between water and the organic component of honey.
All the determinations were made in triplicate. The fitting was done on the averaged 1 values having a standard deviation of less than 5% of the indicated values. For this reason, differences among the NMRD dispersion profiles were judged to be significant. from the slow moving bound water (shorter longitudinal relaxation times) to the fast-moving bulk water (longer 1 values). Figure 2 shows the NMRD profiles (i.e., 1 = 1 −1 values versus ) acquired at 25 ∘ C for loquat (Figure 2(a) ) and multifloral (Figure 2(b) ) honey, stored at the conditions reported in Section 2.
Results
Effect of Storage
The NMRD profiles of honey maintained at room temperature are placed at faster longitudinal relaxation rates as compared to the NMRD profiles of the refrigerated sample. The faster 1 values measured for the samples kept at room temperature correspond to stronger dipolar interactions between water and honey organic components. Conversely, the slower 1 values revealed by the refrigerated honey indicate a larger motional freedom of water molecules (see the details in Section 4).
Correlation time ( ) and activation energy ( ) values
as retrieved by the quantitative elaboration of the NMRD profiles (see Section 2) are reported in Figure 3 . Both average correlation time and activation energy values were larger for the samples kept at room temperature (striped bars) than for the cooled ones (black bars).
value represents the time necessary for a molecule to be reoriented [26] . The longer the value, the slower the molecular motions, thereby revealing restrictions in water motional freedom. Conversely, shorter values are related to fast molecular movements (higher degrees of freedom).
Since (RT) > (RE) and (RT) > (RE) , the strength of the dipolar interactions between water and organic honey components can be considered stronger when honey is stored at room temperature rather than being preliminarily refrigerated. [21] . Proton longitudinal relaxation time values are affected by the strength of the dipolar interactions between a nucleus and its surroundings [26] . In particular, 1 magnitude depends on the nature of the nuclei, the physical state of the system, and the temperature. The dipolar interactions between the protons participating in rigid crystalline structure are stronger and consequently produce shorter 1 values than those in a solution state. For this reason, relaxometry is suitable for the evaluation of changes in honey structure (i.e., differentiating more ordered structures from more heterogeneous ones) when honey is subjected to different storage conditions.
In this study, the 1 distributions (or relaxograms) of honey stored at different temperatures ( Figure 1 ) were analysed to retrieve information on the dynamics of water molecules inside the samples. The tested honey behaves as multicomponent systems containing different motional water populations. In particular, honey is composed of water molecules which are subjected to two different dynamics. Short 1 values (left part of the curve at around 0.3 ms) can be associated with water molecules interacting intimately (or immobilized) with the organic systems (e.g., glucose and fructose) usually present in honey. In fact, hydrogen bonds between water and sugars prevent fast molecular movements, thereby enabling slow reorientation of water molecules. Conversely, longer 1 values (right part of the curve, >2 ms) are related to water molecules which are not blocked by H-bonds with honey organic systems but are tightly bound between them, thus forming clusters which exclude sugars. The unbound water molecules are subjected to faster molecular dynamics and provide longer 1 values.
As shown in Figure 1 , the relaxograms of honey samples first stored at low temperatures (4 ∘ C) are shifted to longer 1 values as compared to honey maintained at room temperature (peak shift from 1.8 to 2.3 ms). As mentioned before, 1 increase is representative of water mobility enhancement [28, 29] . For this reason, we can argue that weaker interactions between organic systems and water are present in refrigerated honey as compared with the honey stored at room temperature.
The hydration of sugars contained in honey depends upon the balance between intramolecular (sugar-sugar and water-water) and intermolecular (sugar-water) hydrogen bounds [30] . The reduction of intermolecular hydrogen bonding (sugar-water) does not directly depend on the water-solute interactions, but it is a consequence of the changes in water clustering due to the storage temperature. Water molecules form an infinite hydrogen-bonded network with localized and well-structured clustering [31] . When temperature decreases, water prefers to form a less dense and more ordered (lower entropy) structure, with more extensive hydrogen bonding [32] , and stronger water-water binding energies. Water cluster equilibrium shifts towards a stiffer, tetrahedrally organized structure. For this reason, small clusters of four water molecules may come together to form water bicyclo-octamers [32] . Intramolecular hydrogen bonding within water clusters increases their strength; the distances of hydrogen bonded O-H⋅ ⋅ ⋅ O reduce [33] and produce a reduction in water clusters volume. At 4 ∘ C (i.e., the temperature used in this study to refrigerate the samples), water shows its lowest volume, the size of the water hydrogenbonded cluster increases [34] , and thus their persistence and stability increase [35] . However, cluster surface shows a weak hydrogen-bonding potential for adjacent molecules. It means that water cluster can make fewer and weaker hydrogen bonds with molecules that are external to the cluster (in this case with sugars). As a consequence, when temperature decreases, also sugar solubility in water drops [36] , and crystallization occurs. The increase of intramolecular hydrogen bonding reduces the hydration of the carbohydrates, thereby enhancing their nonpolar character [36] . Sugars will form microaggregates with the tendency for surface minimization, excluding water. The tendency of both sugar and water to form cluster at low temperatures can be detrimental for honey storage. In fact, the decrease of intermolecular interactions with the organic components makes water more available for microorganisms, determining an increase in the risk of honey spoilage by fermentation.
Nuclear Magnetic Resonance Dispersion (NMRD) Profiles.
The NMRD profiles acquired at 25 ∘ C for loquat and multifloral honey are reported in Figure 2 . The profiles show that the longitudinal relaxation rates ( 1 ) vary in the order: 1(RT) > 1(RE) in the range of proton Larmor frequencies included within 0.01 and 2 MHz.
According to the discussion above, the fastest 1 values for the honey stored at room temperature are due to stronger 1 H-1 H dipolar interaction between water molecules and organic components in honey.
As mentioned before, this behavior depends on differences in water clustering resulting from different storage temperatures. At room temperature, the intermolecular hydrogen bonds between water and sugars are stronger. Protons are constrained in rigid crystalline structures which only allow slow molecular movements and reorientation. This condition produces high 1 (and hence short 1 ) values. Conversely, when honey is refrigerated, the intramolecular forces between water molecules prevail over the intermolecular hydrogen bonding (sugar-water), thereby determining the formation of persistent water clusters. These clusters have fewer interactions with honey carbohydrates and higher motional freedom, thereby resulting in a decrease of the protons relaxation rates.
The decrease of 1 values with temperature increment also depends on an overall increase in water mobility. As temperature rises, hydrogen bonding strength between water and sugars molecules weakens, as well as the interactions between water molecules. The predominance of nonbonded interactions determines clustering breakdown [37] and increases water motional freedom. As a result, protons longitudinal relaxation time lengthens while relaxation rate decreases.
International Journal of Spectroscopy
The qualitative evaluation of the NMRD profiles in Figure 2 is also confirmed by their quantitative assessment through application of (1) to (3) . Figure 3(a) reports the values of the correlation times for the examined honey samples. The average correlation time ( ) is associated with the rate of molecular reorientation in the time unit [26] . Slower molecular motions, due to water movement restrictions, produce longer values, whereas shorter values are related to fast molecular movements. In particular, Figure 3(a) shows that (RT) > (RE) in all cases, thereby confirming the aforementioned discussion.
According to the H-bond strength among water molecules, water motion activation may require different amount of energy. The activation energy ( ) values of the water molecular motions were calculated by (4) and are reported in Figure 3(b) . (RT) resulted to be higher than (RE) for both loquat and multifloral honey. More energy is needed to activate water motion when honey is stored at room temperature as compared to the samples priorly subjected to refrigeration. Thus, the strength of dipolar interactions between the protons in the water system and the organic components is higher when honey is kept at room temperature with respect to refrigeration.
Conclusions
This study reports a first approach to investigate water distribution in honey samples by low field 1 H 1 NMR relaxometry. The aim was to assess the changes in the interactions between water system and organic components in honey samples stored at different temperatures. Knowledge about the nature and amount of water present in honey is important to predict honey conservation and stability. Indeed, variations in water mobility with temperature can influence microbial activity and consequently promote or reduce honey fermentation. Considering honey great value for food industry, the choice of a proper storage temperature which can prevent honey deterioration is of great importance.
The results achieved by fast field cycling NMR relaxometry revealed dramatic changes in honey component distributions, thereby suggesting conceivable enhancement of spoilage risks. Indeed, NMR investigation found substantial differences in the clustering of water and carbohydrates among honey samples kept at room temperature or chilled to 4 ∘ C. When honey is refrigerated, the intramolecular forces between water molecules prevail over the intermolecular hydrogen bonding (sugar-water) determining the formation of persistent clusters. In turn, cluster surface shows a weak hydrogen-bonding potential for external adjacent molecules (i.e., organic sugars). As a consequence, when honey is cooled to 4 ∘ C, sugars solubility in water decreases determining the formation of organic microaggregates which tend to minimize their external surface excluding water. This condition could be deleterious for honey preservation. Once freed, water increases its mobility and becomes more accessible to microorganisms. The latter facilitates microbial growth and could lead to an increase in the risk of fermentation. On the contrary, at room temperature, water interactions with the organic component are strong and clustering is reduced.
Since water molecules are highly associated with sugars, only few are available for bacterial activity creating a limiting environment for microbial development.
The present results are only preliminary since further studies are needed in order to confirm whether the microbial load and activity in cooled honey are greater with respect to honey kept at room temperature.
